Machining is an inevitable task after processing a material. Among the different materials, fiber-reinforced plastics are used as structural materials in different industries. Compared to conventional materials, fiber-reinforced plastics are less hard by its nature. Due to this reason, the cutting force required during machining a plastic material is lesser than that of other materials. Although the cutting force is less, the influence of other machining parameters on the ease of machining is to be investigated in order to reduce the machining time and cost. Hence, a review on the machining associated successes and failures will be helpful for the manufacturing sectors and researchers in line with the machinability. This review provides a detailed picture of various issues dealt during machining a plastic material. The influences of manufacturing methods on the machinability and machinability measurement methods are comprehensively addressed. In addition, this review also discusses about the influences of machining parameters and optimum conditions for machining. The review also addresses various statistical methods used, machinability enhancement methods adopted, and unconventional methods used in the various researches.
Introduction
Fiber-reinforced plastics (FRP) are otherwise known as polymer matrix composites, in which the matrix is made up of a polymer. The reinforcement may be of any type like a synthetic fiber, natural fiber, etc. These materials are mainly intended for developing structural and supporting elements in all applications. The processing of FRP depends on the shape and size of the product to be manufactured and the type of manufacturing methods has its significance on the machinability. In the earlier stage of composite development, artificial reinforcements like carbon, glass, aramid, etc. The glassreinforced ones are known as GFRP (glass fiber-reinforced plastics) and the carbon-reinforced ones are called as CFRP (carbon fiber-reinforced plastics). In the later stages, researchers started to utilize natural fibers from plants, animals, and minerals as reinforcing element and proved that they are on par with the synthetic fibers. [1] [2] [3] [4] [5] Once the composite is developed, the characteristic properties are examined in order to know the suitability of the material for various applications.
A composite developed cannot be directly used for a specific application. It needs machining processes like drilling holes and slotting for assembly and finishing the edges and corners to remove the burrs. Hence, machining is an inevitable work for the composite users. 6 The type of reinforcement used not only affects the characteristics but also the ease of machining. On the other hand, the characteristics of the matrix material have also had an impact on the machinability. It affects the thrust force, torque, and chip morphology during machining. 7 The process parameters during machining plays a major role on the machinability and this is common to all types of materials and methods. The present review gives a clear picture on the machining associated issues investigated in the research works.
Composite development and machining
FRPs are developed by several methods. The majorly used method is the hand layup or wet layup technique, in which a highly experienced operator uses a brush and hand to alternatively place the polymeric resin and reinforcement in the required shape. Once the required shape is obtained, a weight will be kept for several hours for proper bonding between the resin and fiber. 8, 9 A research work on the drilling of CFRP laminates used hand layup technique for composite preparation and studied the influence of different tools on the machinability. The study reported that the tool geometry is an important parameter while considering the damage. 10 An advance to the hand layup process is the compression molding technique. In this technique, the alternate layers are placed inside the mold and a ram supplies pressure for several hours. This method is mainly intended for production of plates, boxes, small containers, etc. An investigation used compression molding to manufacture GFRP composite and carried out the drilling analysis. It has been concluded that a maximum of 30 holes may be performed with tools made of HSS and TiN coated HSS. 11 Injection molding is another technique for manufacturing of polymeric composites. A research used injection molding to manufacture carbon black reinforced polypropylene composites. During this molding, the granules are heated at 60 C for about 2 h. Then the granules are fed in the molding machine and melted at 220
C. An injection pressure of 70 MPa has been given to prepare the composite in the required shape. Drilling analysis on the prepared composite revealed that the surface roughness and cutting temperature are decreased with the elevation in spindle speed and during a decrease in point angle. 12 The process parameters are to be properly maintained during the manufacturing as they may affect the composite properties. 13 Filament winding is a method used for the production of composite pipes and rods. In this method, a mandrel is rotated and a resin impregnated fiber is made to wind around the mandrel. After cooling, the composite pipe is taken out of the mandrel. An investigation has been conducted to study the surface roughness during drilling on GFRP pipes made of filament winding technique. It has been investigated that a high spindle speed, a high depth of cut, and a low feed rate are to be used for drilling at a low surface roughness. 14 Autoclave is another advanced method for production of high performance composites in aerospace industry. This method uses a pressure vessel for pressure application and to heat the parts inside a vacuum bag. 15 A research on end milling of CFRP made of autoclave process concluded that a two flute end mill is more suitable than the six flute end mill for reducing the delamination. 16 
Machinability parameters and its measurement
Among the various machining operations, drilling analysis has been primarily done by researchers in polymeric composites. Machinability can be measured by several terms. During drilling, delamination is the failure that occurs both at the entrance and at the exit surface of the work piece. Delamination (F d ) can be defined as the ratio of maximum diameter to the nominal diameter of the hole as presented in equation (1) 17 and in Figure 1 . End milling is used for making slots and for finishing the edges of the composites. Delamination during end milling (F m ) is measured by the ratio of maximum width of the slot to the nominal width of the slot as presented in equation (2) 18 and in Figure 2 .
where D max denotes the maximum diameter of the damaged hole, D 0 denotes the nominal diameter of Figure 1 . Delamination factor during drilling.
the hole, W max denotes the maximum width of the milled slot, and W denotes the nominal width of the slot.
Based on the area of delamination, a model for adjusted delamination of the drilled hole has been proposed and utilized for calculating the damage of the hole as presented in equation (3).
where A d denotes the delamination zone area, A max denotes the maximum damaged area, and A nom denotes the nominal area of the hole. Composites in the form of pipes are made by using hand layup technique and they are primarily intended for carrying high pressure fluids. An investigation on the machinability of GFRP pipes during turning reported that the machinability can be measured in terms of specific cutting pressure (K s ), and it depends on the cutting force, feed rate, and depth of cut as presented in equation (4).
where F c denotes the cutting force, f denotes the feed rate, and d denotes the depth of cut. Burr formation during drilling depends on the type of plastic matrix and the type of drill used. Drilling of polyethylene using an uncoated HSS drill at a high feed rate and at a low spindle speed alleviates the burr height. TiN and TiCN coated HSS drills under a similar condition produces slightly increased burr height due to the low heat transfer coefficient of coated drills. 21 The machined surface must be smooth for easy handling and easy assembly. If the machined surface is not smooth, then secondary operations like grinding, polishing, and buffing must be done to improve the surface finish. Hence, the measurement of surface roughness is also a way of measuring the machinability. The surface roughness is measured in terms of the average roughness R a using a precise roughness tester. A study on the surface roughness during turning a CFRP material utilized the theoretical model as presented in equation (5) for measuring the average roughness.
where f denotes the feed rate and R denotes the tool nose radius. During drilling, thrust force and torque are developed because of the penetration of drill in to the work piece. The thrust force during drilling must be reduced in order to avoid the damage of holes. Hence, the measurement of thrust force and torque during becomes very vital in order to study the machinability. A study on the drilling of GFRP composites reported that the thrust force plays a vital role in deciding the machinability, and it should be minimized to a maximum extent. 23 
Damage investigations
Damage during drilling happens both at the entrance and at the exit surface of the work piece. The damage that occurs around a drilled hole is known as damage factor or delamination factor or deface. Many research works have investigated about the damage during drilling. A research study compared the effect of different drill geometry on the machinability and concluded that a step drill produced the lowest delamination, which is followed by twist drill. The use of Brad and Spur drill enhances the delamination due to the elevation of thrust force. 24 In another research, drilling experiments have been conducted on glass and polyester sheet reinforced hybrid composites. It has been reported that spindle speed, flute length, and feed rate are the dominating factors considering the hole damage. 25 The selection of levels for input factors is very important for achieving better machinability. In general, a low feed rate of the spindle will be a suitable option for enhancing the machinability. Point angle of the drill has a main impact on the hole damage. Drilling with a high point angle increases the area of contact between the drill and work surface. This impresses more thrust force on the work and hikes the hole damage. Hence, a low feed rate and a low point angle are suitable option for reducing the drilling associated damages. 26, 27 The number of flutes present on the tool affects the damage evolved during machining. A study on the milling of CFRP composite concluded that a two fluted end mill produced less damage as compared to that of a six fluted end mill. 18 The selection tool material is another important parameter while considering the machinability. A study on the drilling of CFRP laminates reported that tungsten carbide tool is more suitable than poly crystalline diamond tool in connection to the damage and for economical operations. 28 In another investigation, the delamination and uncut fiber factor have been studied on balsa wood composite. It has been concluded that the influence of feed rate, spindle speed, and tool diameter on the delamination and uncut fiber factor are similar. 29 Hence, the machining factors must be properly analyzed during machining of FRPs in order to alleviate the damages.
Cutting forces and sub-surface investigations
The cutting forces developed during machining are to minimized in order to reduce machining associated damages. In particular, the thrust force and torque generated during drilling have been majorly addressed by the researchers over the decades. Drilling on the sisalreinforced poly lactic acid composite reported that the thrust force, torque, and drilling damage developed alleviates with the elevation of spindle speed, whereas it goes up with the elevation of spindle feed. Moreover, it has been noticed that the type of drill geometry has more influence on the machinability. The optimum drill geometry for synthetic and natural fiber composite is not similar in nature. 30 In another research on drilling of GFRP plates, the influence of number of flutes on the machinability has been investigated. It has been reported that an eight facet drill will be a suitable option than a four facet drill for minimizing the thrust force and torque. 31 Investigations on drilling of the sisal fiber-reinforced composites reported that the thrust force and torque are elevated with the increase in point angle and feed rate. Also, the torque slightly decreases with the elevation of spindle speed. 32 In another study on drilling, it has been reported that the thrust force may be alleviated by drilling at a lowest feed rate and at a highest spindle speed. 33 Investigations on the influence of twist drill and dagger drill during drilling a CFRP laminate concluded that feed rate is dominantly affecting the surface finish followed by the spindle speed. Moreover, the dagger drill is found to be more suitable for alleviating the drilling defects than the twist drill. 34 A research on end milling of GFRP laminates reported that the surface roughness is majorly affected by the feed rate followed by the spindle speed. Depth of cut does not have any influence on the surface roughness. In addition, the tool life is also influenced in way similar to the surface roughness. 35 
Optimum conditions for machining
Selection of optimum parameters during machining is an important task for manufacturing industries. Machining under optimum conditions will eliminate unnecessary experimentation and thus reduces the labor and operating cost. Hence, in order to find out the optimum conditions, several studies have been made over the decades. A study of the drilling analysis on medium density fiber boards revealed that a high level speed of 3000 r/min, a low level feed of 100 mm/ min, and a low level drill size of 4 mm are the optimum conditions for drilling. 36 The selection of range for an input factor may not be the same case for all machining operations and depending on this, the optimum machining conditions may vary. An investigation on drilling of coir-reinforced composite reported that a lowest drill size of 6 mm, a spindle speed of 600 r/min, and a highest feed rate of 0.3 mm/rev are found to be the optimum conditions for drilling. 37 A research work on drilling of non-laminated composites reported that a feed rate of 0.05 mm/rev and a speed of 750 r/min are the optimum conditions for drilling. 38 Several research works have been carried out to study the optimum conditions for machining in FRPs. Some of them are listed in Table 1 .
Statistical and design tools for machinability assessment
Statistical tools play a vital role for determining the machinability parameters. Although several tools have been utilized by the researchers, Taguchi's technique is a common method for assessing the machinability. A research work on the turning of GFRP pipes reported that the utilization of Taguchi's method improves the tool wear and surface roughness of the work piece. It has been concluded that a simple regression is most suited for assessing the machinability of GFRP pipes. 46 Gray Relational Analysis (GRA) is another method used for optimization of machining parameters. In this technique, gray relational grades are developed manually and used for optimization of responses individually. 47 Artificial Neural Network (ANN) method is another widely used technique for predicting the machinability. A research used ANN technique to predict the thrust force, torque, and damage during drilling on zea fiber-reinforced composite. It has been reported that the ANN method accurately predicts the responses with respect to the confirmatory trials and the error is found to be less than 4%. 48 Fuzzy logic is another important technique used by the researchers for prediction of optimum parameters during machining. A study on the thrust force and torque during drilling of hybrid composites, it has been reported that the fuzzy system accurately predicts the optimum values of responses in comparison to the confirmatory trials. 49, 50 Response surface method (RSM) is widely used technique for problems involving multiple responses. Central composite design, D-optimal design, and Box Behnken design are the majorly used RSM for assessing the machinability. A research work reported that among the RSM, D-optimal design is mainly intended for problems dealing with different levels for its factors. Another important advantage of this method is it optimizes the problems involving both numerical and categorical factors. 51 Regression and ANOVA analysis are most commonly used methods during machining of composites. The regression analysis gives a quantitative prediction of output parameters in terms of input parameters. The ANOVA analysis helps to assess the influence and contribution of input factors on the output parameters. 52, 53 Particle Swarm Optimization (PSO) is an important statistical modeling tool used for machining studies. It is a population-based stochastic optimization method used for modeling and optimization of output responses. A study on the minimization of burr size during drilling reported that the modeling using PSO is highly satisfactory and the burr size is elevated with an increase in the speed and feed rates. 54 Genetic Algorithm (GA) is also another way of analyzing the machinability conditions. A study on the turning of GFRP laminates reported that Non-dominated Sorting Genetic Algorithm (NSGA) is one of the effective methods for carrying out multi-objective optimization. 55 Finite element modeling (FEM) of the machining conditions is another way to study the machinability of composites. A study has been made to analyze the effect of drill point angle during drilling on GFRP plates using FEM. It has been concluded that a 90 point angle is more suitable in reducing the thrust force as compared to 104 and 118 point angles. 56 Several researchers have utilized statistical and other tools to evaluate and optimize the machinability parameters. Some of them are listed in Table 2 .
Machinability enhancement methods
The ease of machining the composite material need to be improved in order to reduce the machining cost. Several steps have been taken in the recent past to enhance the machinability of polymeric composites. One way is to alleviate the thrust and torque developed during machining. In general, the thrust force elevates with increase in the feed rate and, hence as a result, the delamination goes up both at the top and bottom surfaces. It has been suggested that, by using an air bearing spindle, a high feed rate is achievable without the hike in the thrust force. 68 Cryogenic cooling is a method adopted to reduce the rounding of the cutting edge and corner wear of the drill. Although cryogenic cooling effectively reduces the aforesaid parameters, it fails to alleviate thrust force and torque developed during drilling. 69 Providing metallic coatings to drills improve the machinability to a great extent. A research on the effect of coating on the damage reported that the diamond coated drill produced less damage when compared to the Titanium coated and conventional drills. Moreover, it has been proposed that a maximum temperature needs to be maintained at the tool entry in order to reduce the hole damage. 70 The selection of polymer is very important while considering the machinability. Thermoplastic polymers are less hard as compared to the thermoset polymers. During machining, thermoplastic composite experiences low level thrust force as compared to the thermoset composites, and consequently the temperature of the machining zone becomes reduced. This improves the machinability by reducing the damage and tool wear. 71 In another research, a comparative study has been made between Viapal VUP9731 matrix and ATLAC 382-05 matrix. It has been concluded that the Viapal matrix show a less specific cutting force than the ATLAC matrix under same operating conditions.
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Machinability may also be improved by using advanced manufacturing methods. Ultrasonic vibration drilling is an advanced way of making holes in plastics. The use of this method for drilling alleviates the thrust force developed as compared to the conventional drilling. 73 Machining at a high speed reduces the damage of the hole during drilling. It has been reported that, during drilling, CFRP plates at a spindle speed of 4000 r/min, and at 8000 r/min, the damage is elevated with increase in the feed rate. At a highest spindle of 40,000 r/min, it has been observed that the increase in feed does not affect the damage. Hence a high speed drilling is more suitable for polymeric composites. 74 Machinability may also be enhanced by using non-conventional tools. A research investigated the influence of hollow drills on the machinability and reported that the trepanning tool and U-shaped drill reduces the thrust force induced during drilling and consequently drops the damage developed. 75 Peck drilling is another method of drilling to stop the chip building up during hole making. A study on the peck drilling reported that peck drilling improves the surface finish as compared to that of the conventional drilling and provides adequate temperature control with easy chip removal. 76 
Unconventional machining in polymeric laminates
Many researchers have used non-traditional machining methodologies for machining in polymeric composite materials. Abrasive water jet machining (AWJM) is a technology to produce holes and slots in the work piece. A study on the optimization of process parameters during AWJM carried out on CFRP laminates concluded that delamination and kerf taper ratio goes down with the elevation in fluid pressure and abrasive flow rate and during a decrease in the traverse rate. 77 This technology is also well suited for polishing the plastic gears 78 and also for machining of wood dust based green composites. 79 Laser cutting is another advanced method for cutting of polymeric composites. An investigation on the carbon dioxide (CO 2 ) laser cutting of Kevlar composite reported that the laser cutting method satisfactorily works for Kevlar composites. The optimum conditions drawn during this machining are reported as 0.103 mm for kerf width, 0.101 mm for dross height, and 2.06 for slope of the cut. 80 This method is also suited well for grooving of nylon 6 composites. 81 In another research on laser cutting of CFRP laminates, it has been concluded that a high volume of nitrogen and a low volume of oxygen mixture is to be used for achieving best machinability. 82 Investigations on CFRP machining reported that the pulsed laser could be effectively used for pocket milling of CFRP laminates. The machining quality depends on the laser power, scanning speed, and hatch distance. 83 In another study, a new technique called as Transversely Excited Atmospheric Pressure (TEA) CO 2 laser has been utilized for making holes in CFRP laminates. This technique uses a mixture of CO 2 , N 2 , and H 2 gases at high pressure for producing high power in short pulses for material removal. 84 Electrical Discharge Machining (EDM) is a technique in which the machining takes place by a high velocity electric discharge on the work piece surface. This method has been utilized for producing holes on conventional and composite materials. It has been proposed that EDM is one of the best ways for producing holes in CFRP composites with high degree of surface finish during low discharge condition. Moreover, it has been concluded that the delamination and surface roughness can be controlled by the input power used. 85 Ultrasonic machining is another important technique in which high frequency vibratory motion of the tool is used for metal removal from the work piece. This technique is used for edge routing of CFRP composites after it has been taken from the mold. This avoids the tool clogging and damages at the machined surface. Moreover, ultrasonic grinding reduces the grinding force by 19% as compared to the conventional grinding. 86 A study incorporated this method for face grinding of CFRP laminates and reported that the grinding force goes down with the elevation in spindle speed but increases with the elevation in cutting depth and feed rate. 87 Similar results have been reported in another research on ultrasonic face milling of CFRP laminates. Moreover, the study made a mathematical model to predict the optimum machining parameters and concluded that ultrasonic machining suits well for milling of CFRP composites. 88 
Conclusion
This paper has made a comprehensive review on the various issues evolved during machining of FRP. The major conclusions drawn are as follows:
. During composite development, the process parameters decide the characteristics of the composite and which in turn has an impact on the machinability. . Machinability could be measured by several factors.
These factors mainly depend on the purpose for which the composite is intended and they must be accurately measured in order to reduce the machining cost. . The selection of factor levels for machining plays an important role during machining and selection of optimum levels helps the manufacturing firms to choose the correct machining conditions. . Selection of appropriate statistical tool is also vital during optimization. This should be done based on the available input and output factors for machining. . In order to enhance the machinability, several methods have been adopted. One or many suitable methods may be utilized for improving the machinability. . Unconventional machining methods are mostly suitable for machining operations like drilling, milling, and grinding in FRPs. Considering the operating and machining costs, a suitable method could be adopted for machining plastic composites.
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